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Abstract 
Dad, J.M., Rashid, I.,  2025. Effect of climate change on potential distribution of Dactylorhiza hatagirea (D. 
Don) Soó in the twenty-first century across the north-western Himalayas. Folia Oecologica, 52 (1): 48–61.

The populations of Dactylorhiza hatagirea are shrinking fast across the north-western Himalayas. Although 
the effects of contemporary anthropic factors on its distribution are well documented, the impacts of anticipat-
ed climate change have not been evaluated. In the present study, the maximum entropy modelling (MaxEnt) 
was used to quantify the impact of climate change on the distribution of D. hatagirea over the next 50 years 
under representative concentration pathways (RCP) 4.5 and 8.5, using ensemble mean of four general circula-
tion models, viz. CCSM4, CNRM, MRI, and GFDL. The results exhibited a fairly good model performance, 
with D. hatagirea attaining the highest suitability when ‘annual mean temperature’ and ‘annual precipitation’ 
peaks at ca. 11.5 °C and 1,250 mm, respectively. The variables with greater influence (%) were annual precipi-
tation (40.7), mean temperature of the wettest quarter (22.9), precipitation seasonality (16.6), and mean annual 
temperature (10.4). Under the current climate, about 790 km2 that spread across Kashmir (274.1 km2) Jammu 
(210.5 km2), and Ladakh (305.6 km2) were identified as high potential habitat (HPH) areas. The predicted 
distribution showed that for RCP 4.5 the HPH areas would decrease by 4.2 and 5.4%, by 2050 and 2070, while 
for RC P8.5 the decrease would be 18.1 and 8.7%, respectively. The shrinkage may be more obvious across 
tropical and temperate regions, while the species may gain new HPH areas across cold arid areas. Although 
HPH shrinkage for D. hatagirea appears mild, but as it exhibits high habitat specificity and grows inherently 
slow, this insignificant shrinkage may enhance its risk of local extinction. Therefore, an integrated approach 
involving in-situ measures across regions, where the species may disappear, and ex-situ measures, where it 
may expand, is hugely important. 
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Introduction

Among the most prominent challenges that endanger 
global biodiversity, climate change (Nunez et al., 2019), 
habitat loss (Marco et al., 2019) and overexploitation 
(Lughadha et al., 2020) rank high. These factors are 
viewed as major drivers that affect biological species from 
genes to ecosystems (Hoffmann et al., 2019), magnify 

the extinction crisis and exacerbate the challenge to con-
serve biodiversity (CBD, 2019). Among various eco-cli-
matic regions, the future biodiversity scenario appears 
highly adverse across mountains, wherein these factors 
could seriously jeopardise species diversity, distribution, 
and services (Zlatanov et al., 2017; Peters et al., 2019). 
The species distribution scenarios built on a relationship 
between species and their biophysical environment form 
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the critical component to conserve biodiversity in general 
and the services they provide, like in the case of medici-
nal plants (Singh et al., 2017). For narrow range species 
facing extinction threats, this is particularly important as 
it provides information regarding the suitability in their 
historical range and their reintroduction into more suit-
able habitats for their effective restoration. However, due 
to the variations in climate change projections from dif-
ferent models, a single model to identify such locations 
is considered superficial. Therefore, using an ensemble 
of forecasts from numerous climate models is highly pre-
ferred (Rathore et al., 2019).
	 Species distribution models (SDMs) are used wide-
ly for species distribution assessment under new environ-
mental scenarios (Zhong et al., 2021). Among various 
applications, they are used for evaluating species inva-
sion risks (Padalia et al., 2014), predicting the distribu-
tion of species facing extinction risks (Yi et al., 2014), 
and identifying suitable habitats for species reintroduc-
tion (Sharma et al., 2018). Among the various modelling 
techniques used in SDMs, which use species distribution 
and environmental data to predict species distribution, 
the Maximum Entropy (MaxEnt) is one of the most com-
monly used and is highly valuable for delineating species 
occurrence probability (Kaky et al., 2020). However, de-
spite its ability to capture habitat suitability for species’ 
distributions, the MaxEnt aids little in understanding the 
colonization (plant) under changing climate (Venne and 
Currie, 2021), and thus the use of a decision structured 
process for its evaluation is considered useful in deter-
mining its optimal model parameterization (Sorbe et 
al., 2023). Thus, when combined with ensemble projec-
tions from multiple GCMs, MaxEnt is highly preferred 
because it reduces the predictive uncertainty of single 
models (Knutti et al., 2017). Thus, using MaxEnt with 
multiple GCMs for mapping species distribution appears 
highly promising and helpful for conservation planning 
(Ayan et al., 2022). 
	 With around one-third of terrestrial species, Or-
chidaceae is one of the most diverse families of flower-
ing plants, with an estimated 25,000 species across 800 
genera (Chug et al., 2009; Swarts and Dixon, 2009). 
Except for Antarctica, the orchids grow across all conti-
nents, with the highest diversity reported in tropical and 
subtropical regions (Pridegeon et al., 1999). In India, 
1,331 species belonging to 186 genera of orchids have 
been reported (Natta et al., 2022), which grow across a 
broad altitudinal gradient from sea level to higher alpine 
regions. The orchids are habitat specialists and require 
unique micro-climatic conditions for growth and devel-
opment (Jalal and Rawat, 2009). Dactylorhiza Necker 
ex Nevski (Orchidaceae) is a genus of about 75 species, 
distributed throughout the world but with higher domi-
nance in Northern Hemisphere (Chauhan et al., 2014). 
Dactylorhiza hatagirea D. Don Soó, commonly known 
as Himalayan marsh orchid, is a perennial orchid found 
in the Himalayas in narrow pockets at altitudes between 
2,500 and 5,000 m, mostly on open grassy slopes and 
alpine meadows (Fig. 1). Commonly known as “Salam 

panja” (Kashmir) and “Wanglak or Angmo-lakpa” (La-
dakh), the plant is also used in modern medicine due to 
its aphrodisiac, immune modulator, expectorant, diuretic, 
astringent, nervine tonic, and hepato-protective proper-
ties (Warghat et al., 2013; Wani et al., 2021). A recent 
investigation estimated that the annual trade of D. ha-
tagirea is around 10–50 metric tons (Goraya and Ved, 
2017). However, the overexploitation of rhizomes and 
unlawful trading (Adhikari et al., 2008) has put severe 
pressure on the natural population of D. hatagirea across 
the Himalaya, to the point that the species is now identi-
fied as critically endangered (CAMP status), Endangered 
(IUCN status) and listed under Appendix II of Convention 
on International Trade in Endangered Species (CITES) 
(Thakur and Kaur, 2013; Dhiman et al., 2019). 
	 Despite its medicinal and associated economic 
importance and extinction threat level, the earlier work 
across Jammu and Kashmir on orchids in general and 
D. hatagirea, in particular, have primarily focussed on 
their taxonomic enumeration, documentation and medic-
inal uses (Akhter et al., 2011; Warghat et al., 2012) 
and only recently have there been attempts to model its 
distribution (Wani et al., 2021). However, as the region 
might witness a temperature increase of 3.98 °C and 6.93 
°C under RCP 4.5 and RCP 8.5 scenarios by the end of the 
21st century (Romshoo et al., 2020), an approximation of 
distribution of D. hatagirea and where to restore its popu-
lations assumes key significance. Consequently, using an 
ensemble of four general circulation models (GCMs), the 
present study was conducted to map the current distribu-
tion of D. hatagirea across north-western Himalayas and 
predict its range shifts under future climate change sce-
narios. Specifically, the present study aims to understand 
a) the distributional pattern of D. hatagirea under current 
climate with an emphasis on different predictor variables, 
and b) quantify the magnitude of climate change impacts 
on its distribution for two representative concentration 
pathways (RCPs) ranging over next 50 years. The findings 
will aid to promote meaningful conservation strategies for 
the species and can guide its restoration across contrast-
ing environments under climate change.

2. Materials and methods

Study area

North-western Himalayas consists of Jammu and Kash-
mir and Ladakh union territories (32º17’ to 36º58’N and 
73º26’ to 80º30’E). The study area encompasses ecologi-
cally fragile ecosystems and is characterised by wide vari-
ations in altitude, edaphic contrasts, geological formations 
and different climatic zones. Jammu province comprises 
the outer ranges of Himalaya, Kashmir province com-
prises the inner ranges, and Ladakh province includes the 
Trans-Himalayan range. The climate ranges from tropical 
in Jammu province to temperate in Kashmir, while Ladakh 
experiences a cold arid climate. Owing to these variations, 
each region harbours a distinctive biodiversity pool and 
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enjoys a unique position within the whole unified natu-
ral system. While the provinces of Jammu and Kashmir 
are well wooded and grow diverse forest types, the cold 
desert of Ladakh characterised by prolonged sub-zero tem-
peratures and low annual precipitation is least wooded and 
grows sparsely distributed plant diversity. 

Species data 

Species occurrence data was obtained through a com-
bination of methods involving detailed fieldwork, and 
compilation of species location points from Kashmir 
University Herbarium (KASH). We also used the data 
obtained from other secondary sources like Global Bio-
diversity Information Facility (GBIF) database (http://
www.gbif.org), while its use as input in models of pre-
dicting species distributions is conditional and depends 
on the non-availability of other datasets, including the 
national databases (Štípková et al., 2024).  However, 
a major source (>80%) of the occurrence data used for 
the present study involved our detailed field surveys car-
ried across the region between 2010 and 2019 (Dad and 
Khan, 2011; Dad and Reshi, 2015; Dad, 2019) (Fig. 1). 
All these occurrence records were checked and subjected 
to further processing and screening using the SDM tool-
box in ArcGIS 10.2.1.  Particularly, we studied the spa-
tial auto-correlation of species occurrence records and re-
moved the redundant (duplicate and repeated) presences 
using average nearest neighbour analyses (Smeraldo et 
al., 2018). Thus out of the total 109 occurrence records 
for D. hatagirea, a spatial thinning along 5 × 5 km grid 
cells was performed to reduce model bias (Rana et al., 
2020), and only 56 rarefied records were used to generate 
SDMs.

Fig. 1. Current distribution of D. hatagirea, shown as points, across North-Western Himalayas.

Environmental data 

The environmental data was procured from the WorldClim 
database, version 1.4- http://www.worldclim.org/. Twen-
ty predictor variables, including nineteen bioclimatic and 
one topographic (elevation) variable were downloaded at 
a spatial resolution of 30 arc-second (ca. 1 × 1 km, https://
www.worldclim.org/data/worldclim21.html; https://www.
worldclim.org/data/v1.4/cmip5.html). For each biocli-
matic variable pair, Pearson’s correlation coefficient was 
calculated using the ecological niche model (ENM) tool-
box and variables that exhibited a high multicollinearity 
(>0.7) were eliminated from the analysis. Thus, the final 
seven predictor variables – annual mean temperature (°C; 
BIO1), mean diurnal range (max. temp–min. temp (°C; 
BIO2), temperature seasonality (SD × 100) (%; BIO4), 
mean temperature of the wettest quarter (°C; BIO8), an-
nual precipitation (mm; BIO12), precipitation seasonality 
(coefficient of variation) (unitless; BIO15) and elevation 
(m) were selected and used for building habitat models. 
The same variables were used to project the habitat model 
under future global warming scenarios. 
	 The projected changes of species distribution of D. 
hatagirea were modelled over the periods of 2050 (av-
erage for 2041–2060) and 2070 (average of 2061–2080) 
under two emission scenarios, including representative 
concentration pathways (RCPs) 4.5 and RCP8.5, which 
correspond to intermediate and high levels of global radi-
ative forcing. We used four general circulation models, in-
cluding GFDL-CM3 (Griffies et al., 2011), MRI CGCM3 
(Yukimoto et al., 2012), CNRM CM5 (Voldoire et al., 
2013) and CCSM4 (Al-Qaddi et al., 2017) for future cli-
mate change scenarios. The multi-model ensemble mean 
(MME) of four GCMs was calculated with equal weight 
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and used for building the model, used for studying the plant 
suitability and distribution under present scenario as well as 
used to project and predict the suitability in the future.

Model design 

The model based on the seven predictor variables was run 
using the MaxEnt algorithm (version 3.4.1 k; Phillips et 
al., 2006) using background samples to represent natural 
conditions across the study area. The model calibration was 
carried using 75% data for training and 25% for testing. The 
average probability maps were obtained with ten replica-
tions. The model performance and accuracy were measured 
using the area under the curve (AUC) scores of receiver op-
erator characteristic (ROC), TSS (True Skill Statistics), and 
Cohen’s kappa (Fois et al., 2016). Amongst these, the ROC 
curve (AUC) represents the threshold-independent indices, 
while the TSS and Cohen’s kappa are the threshold-depen-
dent indices, with TSS dealing with both sensitivity and 
specificity. The value of TSS ranges from −1 to +1, where 
+1 indicates perfect agreement while scores from 0.6 to 0.9 
specify fair to good model performance (Allouche et al., 
2006). Different regularization parameters like mean regu-
larized training gain, mean training area under the curve, 
and mean test area under the curve, that are a set of meth-
ods for reducing over-fitting, were recorded to check model 
over-fitting. The relative importance of each predictor was 
measured using the per cent contribution of the Jackknife 
test (Phillips et al., 2006). In this validation method, the 
models with AUC values of 0.5 and above are taken into 
consideration. For assessing the projected percentage 
change of suitable area in future scenarios, we used a distri-
bution probability threshold of above 0.5 (Stockwell and 
Peterson, 2002). The habitat suitability map was converted 

into the suitable and unsuitable area (Xu et al., 2019). The 
potential suitable area was calculated using the Maximum 
Training Sensitivity Plus Specificity Logistic Threshold. 
The distribution map was then categorised into three main 
suitability classes, namely low, medium and high, with suit-
ability values on a percentage basis being 25–50, 50–75 
and >75%, respectively. The future distributions under two 
greenhouse gas (GHG) concentration trajectories (RCP 4.5 
and RCP 8.5) of global circulation model GFDL-CM3, MRI 
CGCM3, CCSM4 and CNRM CM5 were carried using the 
same settings. 

Habitat change assessment

The habitat change assessment for future climatic scenari-
os viz. 2050 (average for 2041–2060) and 2070 (average of 
2061–2080) for RCP4.5 and RCP8.5 was computed follow-
ing Weldemariam and Dejene (2021) and calculated as: 

where Af represents the area predicted as suitable habitat un-
der 2050 and 2070 future climatic scenarios, while Ac rep-
resents the area predicted as suitable under current climate. 

Results

Model evaluation 

The model performance was high for both training and 
test data. As exemplified by AUC, TSS and other statis-
tical scores like mean regularized training gain, mean 
training area under the curve, and mean test area under 

Table 1. A statistical summary of average estimates of MaxEnt distribution models for D. hatagirea across North-Western Himalayas 

Model	 Climate scenario
		  Summary statistics			 

			    	 MRTG 	  MURTG	 MTG	 MTAUC	 MtAUC	 MAUCsd	 Cohen’s	 TSS
			    	  (%) 	    (%)						        kappa

 	 Current			   1.26	 1.43	 0.80	 0.93	 0.90	 0.04	 0.49	 0.81
CCSM4	 Future	 2050	 RCP4.5	 0.88	 1.00	 0.90	 0.94	 0.92	 0.05	 0.46	 0.77
	 Projection		  RCP8.5	 1.10	 1.09	 0.80	 0.91	 0.89	 0.06	 0.44	 0.79
		  2070	 RCP4.5	 1.11	 1.01	 0.81	 0.86	 0.80	 0.02	 0.39	 0.72
			   RCP8.5	 0.84	 1.22	 0.84	 0.91	 0.90	 0.08	 0.39	 0.79
CNRM	 Future	 2050	 RCP4.5	 0.72	 1.09	 0.74	 0.80	 0.69	 0.03	 0.44	 0.66
	 Projection		  RCP8.5	 1.00	 0.74	 0.65	 0.84	 0.78	 0.01	 0.44	 0.81
		  2070	 RCP4.5	 1.01	 1.21	 0.78	 0.76	 0.74	 0.12	 0.46	 0.73
			   RCP8.5	 0.66	 0.99	 0.88	 0.80	 0.79	 0.13	 0.48	 0.71
MRI	 Future	 2050	 RCP4.5	 0.88	 0.88	 0.67	 0.89	 0.85	 0.06	 0.50	 0.81
	 Projection		  RCP8.5	 1.14	 1.23	 0.79	 0.88	 0.86	 0.11	 0.46	 0.76
		  2070	 RCP4.5	 1.02	 1.22	 0.77	 0.83	 0.81	 0.13	 0.49	 0.77
			   RCP8.5	 0.80	 0.88	 0.81	 0.89	 0.84	 0.04	 0.49	 0.80
GFDL	 Future	 2050	 RCP4.5	 0.80	 1.11	 0.87	 0.94	 0.90	 0.02	 0.44	 0.69
	 Projection		  RCP8.5	 1.04	 1.19	 0.80	 0.86	 0.82	 0.04	 0.46	 0.70
		  2070	 RCP4.5	 0.98	 1.04	 0.81	 0.76	 0.75	 0.11	 0.45	 0.68
			   RCP8.5	 0.89	 1.04	 0.86	 0.90	 0.88	 0.03	 0.49	 0.78

Abbreviations used include MRTG – Mean regularized training gain (%); MURTG – Mean un-regularized test gain (%); MTG – 
Mean test gain; MTAUC – Mean training Area Under Curve; Mt AUC – Mean test Area Under Curve and MAUCsd represents Mean 
Area Under Curve standard deviation and TSS represents true skill statistics.
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Variable Percent Permutation  
 contribution importance

Bio8 19.16 22.91
Bio12 30.98 40.67
Bio15 11.05 16.56
Bio1   8.62 10.44
Bio4 21.37   3.93
Bio2   2.13   5.31
Elevation   6.66   0.68

the curve, the model performed satisfactorily across all 
four GCMs (Table 1), indicating that habitat suitability 
projections for D. hatagirea are fairly good. 

Signifi cant explanatory variables 

D. hatagirea displayed highest sensitivity to precipitation, 
with annual precipitation (Bio 12) appearing particularly 
vital and contributing 40.7% to habitat suitability (Table 
2). The mean temperature of the wettest quarter (Bio8) 
contributed 22.9%, while precipitation seasonality (Bio15) 
and mean annual temperature (Bio1) were other important 
variables (Table 2). The other predictor variables had little 
infl uence (Table 2). The results of the Jackknife test applied 
in this study further corroborated these results (Fig. 2). 
 Based on the results of relationship between pre-
dictor variables and probability of distribution typifi ed 
by species response curves (Fig. 3), it is well evident 
that D. hatagirea attains the highest probabilities in en-
vironments when ‘annual mean temperature’ and ‘annual 
precipitation’ peaks at ca. 11.5 °C and 1,250 mm respec-
tively, with decreasing probability thereafter. Similarly, it 
prefers precipitation seasonality (Bio15) of ca. 40 with a 
mean diurnal temperature (Bio2) range of ca. 12.5 °C (Fig. 
3), and experiences a substantial decrease in distribution 
when mean temperature of wettest quarter (Bio8) increas-
es. Topographically, the suitable habitat for D. hatagirea
occurs in the high altitude range from ca. 2,500–4,000 m 
asl, with a peak at around 3,600 m asl (Fig. 3).

Fig. 2. Predictive accuracy of the model variables (Jackknife test) used in the ecological niche model for D. hatagirea across 
North-Western Himalayas.

Table 2. Estimates of average contribution and permutation 
importance of the environmental variables used in MaxEnt 
modelling of D. hatagirea across North-Western Himalayas

Current habitat suitability 

The potential distribution of D. hatagirea across 
North-western Himalayas under the current climate using 
six bioclimatic variables and elevation is shown in Fig. 4. 
As is evident, the habitat suitability is highly inconsistent 
across the study area, with few specifi c areas appearing as 
its highest suitability habitats (HSHs). The HSHs spread 
across the high altitude ecosystems of Kashmir through 
the tropical habitats of Jammu to the lower reaches of 
Greater Himalayan montane system in Ladakh (Fig. 4). 
The species occurs in east of Kashmir towards the hilly 
regions, i.e. Kishtawar and Doda, while across the temper-
ate region, its occupancy regions include the high altitude 
areas across Dachigam, Gurez, Pulwama, Anantnag, and 
Gulmarg, Pir ki Gali, Rupri, Nandansar across the Pir Pan-
jal range under higher precipitation and colder temperature 
environments. The HSHs across Ladakh include Leh and 
Kargil, including Sankoo, Gundiyal, Dambur, Chutak, and 
Suktiyal, Sangrah, Purtikchey, and Bihmbhat. The results 
showed that HSHs (790.3 km2) constitute about 0.78% of 
the study area (Table 3), with greater HSHs area (km2) in 
Ladakh (305.6), followed by Kashmir (274.1), while the 
Jammu holds about 210.5 km2 (Table 3).

Future potential distribution

D. hatagirea exhibited a mild reduction in the extent of 
HSHs for both RCP 4.5 and 8.5 for 2050 and 2070 (Fig. 
5). The results showed that for RCP4.5, the HSHs for D. 
hatagirea would decrease by 4.2 and 5.4%, by 2050 and 
2070, while for RCP8.5, and the projected decrease would 
be 18.1 and 8.7%, respectively (Table 4). However, the 
shrinkage in HSHs appeared more obvious across tropical 
(Jammu) and temperate (Kashmir) regions, while across 
the cold arid (Ladakh) region the species may gain new 
HSHs (Table 4). Such changes are evident from the pre-
dicted range and habitat change (%) of HSHs for D. hata-
girea (Table 5). The results (Table 5) showed that between 
the two RCP scenarios, the high-end RCP 8.5 may be more 
severe across Kashmir, where it is projected to lose about 
84.3 and 82.6% of its HSHs and Jammu, wherein the spe-
cies is predicted to lose about 75.5 and 79.1% of its HSHs 
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Fig. 3. Response curves of seven environmental predictors used in the ecological niche model for D. hatagirea across North-West-
ern Himalayas. The y-axis of each response curve represents the probability of presence. For abbreviations, see Table 1.

Fig. 4. Potential distribution range of D. hatagirea across North-Western Himalayas under current climate.
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Distribution class	 Total area	 Province
		  Jammu	 Kashmir	 Ladakh
Unsuitable	 62,361.9 (61.5)	 18,098.5 (68.8)	 3,463.6 (21.7)	 40,799.8 (68.9)
Low potential	 32,046.5 (31.6)	   5,905.9 (22.4)	 9,305.3 (58.4)	 16,835.4 (28.4)
Moderate potential	   6,188.9 (6.1)	   2,078.2 (7.9)	 2,905.4 (18.2)	   1,205.3 (2.1)
High potential 	      790.3 (0.78)	      210.5 (0.8)	     274.1 (1.7)	      305.6 (0.5)

Table 3. Current habitat suitability (km2) for D. hatagirea across the North-Western Himalayas

The area has been calculated for three provinces of Indian administered Jammu, Kashmir and Ladakh.

Table 4. Predicted range changes (km2) of high potential areas for D. hatagirea under future climate change scenarios at RCP 
4.5 and RCP 8.5 for 2050 and 2070 across North-Western Kashmir Himalaya 

Distribution class	
	 Future scenarios

	 	 2050		  2070
		  RCP4.5	 RCP8.5	 RCP4.5	 RCP8.5
		  Area (km2)	 Area (km2)	 Area (km2)	 Area (km2) 
Unsuitable		  55,638.6	 53,728.8	 56,631.9	 53 890.5
Low potential		  29,844.6	 30,819.2	 29,226.5	 30 416.3
Moderate potential		  15,146.76	 16,191.9	 14,781.7	 16 359.7
High potential     		  757.6	      647.6	      746.9	      853.1

Suitability level percentage (%) of Jammu and Kashmir’s area is calculated for 101,387 km2, i.e. three provinces of Indian 
administered Jammu, Kashmir and Ladakh. 
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for future climate scenario of 2050 and 2070, respectively. 
However, for the Ladakh, the species may gain HSHs of 
about 81.0 and 106.1% in both near (2050s) and distant 
(2070s) future scenarios (Table 5). 

Discussion

The high AUC values for D. hatagirea in the present study 
(Table 1) concord with earlier observations that species 
with restricted ranges display higher AUC values (Yang et 
al., 2013). The other model performance indices viz. TSS 
and Cohen’s kappa as well as detailed summary statistics 
like mean regularized training and test gain (%), mean 
test gain, and mean test AUC indicated that D. hatagirea 
predictions across the study area are fairly good (Fig.  2). 
Indeed in line with field-based data and earlier reports 
(Shapoo et al., 2014), the climatic niche of D. hatagirea 
across Northwestern Himalayas mainly occurs in sub-al-
pine and alpine altitudes (Fig. 3). Despite reports that mod-
el predictions may overrate actual species distributions 
(Warren and Seifert, 2011), studying the D. hatagirea 
distribution across North-western Himalayas, which lacks 
vital ecological data about highly threatened species, holds 
immense value and offers broader scope for conservation 
and management.
	 Under the current climate, the predictor variable 
importance (Table 2) pointed to the higher influence (%) 
of annual precipitation (40.7), mean temperature of the 
wettest quarter (22.9), precipitation seasonality (16.6) 
and mean annual temperature (10.4). The differences in 
the predictive environmental variables important for the 
distribution of D. hatagirea have been reported by vari-
ous authors. For example, Thakur et al. (2021) reported 
the precipitation of coldest quarter, mean temperature of 
driest quarter, annual mean temperature and mean diurnal 
range as most important variables that determine the dis-
tribution of D. hatagirea across the Himalaya while Wani 
et al. (2022), using various algorithms, including MaxEnt, 
reported mean temperature of wettest quarter, and annual 
mean temperature as important variables that govern the 
species potential distribution across the Himalaya. The re-
sults of the present study are in disagreement with WANI 
et al. (2021), who observed minor differences amongst 
predictive variables for D. hatagirea distribution across 
North-western Himalayas. This incongruity presumably 
stems from the inclusion of too many environmental vari-

ables (n = 11) by Wani et al. (2021), as compared to the 
present study, wherein only non-collinear (n = 7) variables 
were used. These variables provide desired information 
about main ecological requirements about D. hatagirea 
and thus helps understand its performance under different 
regimes of habitat conditions. 
	 The results showed that both precipitation and tem-
perature are important to the sustenance of D. hatagirea 
across North-western Himalayas. Throughout its distribu-
tional range, D. hatagirea is usually common at altitudes 
above 3,000 m asl, wherein it mainly occupies gentle 
slopes, open grassy slopes, meadows along streams and 
alpine meadows under higher precipitation and colder 
temperature regimes (Dad and Khan, 2011). Studies out-
side North-Western Himalaya (Singh et al., 2021; Thak-
ur et al., 2021) have also reported its higher occurrence on 
areas with high moisture content than bare rocky slopes 
or crevices and attributed it to the mosaic of habitat types 
and influence of abiotic/edaphic factors (Noroozi et al., 
2015). Except for cold arid Ladakh, Jammu and Kashmir 
receive sufficient amounts of rainfall during winter months 
which lasts long as snow, adds to soil moisture and con-
tributes to its growth and development. The species re-
sponse curves (Fig. 3) indicating that D. hatagirea attains 
highest suitability in environments when ‘annual mean 
temperature’ and ‘annual precipitation’ peaks at ca. 12.5 
°C and 1,250 mm, respectively, with decreasing probability 
thereafter further support our observations. As for altitude, 
the highest probability of occurrence is at altitudes between 
2,500–4,000 m asl, with peak at ca. 3,600 m asl (Fig. 3). 
Notwithstanding the sporadic observations documenting D. 
hatagirea at higher altitudes ca. 4,150 m asl (Shaheen et 
al., 2019), it is widely held that sub-alpine and alpine zones 
between 2,800 m and 4,200 m asl are most suitable for D. 
hatagirea (IUCN, 2004). The present study identified ca. 
62,361.9, 32,046.5, 6,188.9 and 790.3 km2 as unsuitable, 
low, medium and high suitability areas for D. hatagirea 
and, therefore, suggests that the approximations reported by 
Wani et al. (2021) of 25, 108, 316, and 167 km2 as least 
suitable, marginally suitable, moderately suitable and high-
ly suitable for D. hatagirea across Jammu and Kashmir are 
rather gross underestimates. 
	 Furthermore, the response curves also showed as to how 
the precipitation and temperature dependant variables affect 
D. hatagirea distribution, as its probability of occurrence 
approaches maximum when annual precipitation is >1,000 
mm a–1, medium precipitation seasonality is ca. 40%, mean 

Table 5. Predicted range (km2) and habitat change (%) of high potential areas for D. hatagirea under current and future climate 
change scenarios at RCP4.5 and RCP8.5 for 2050 and 2070 across three provinces across North-Western Kashmir

Region	 Current
	 Future climate scenario

	 area	 2050		  2070
		  RCP4.5	 RCP8.5	 RCP4.5	 RCP8.5
Ladakh	 305.6 	 414.08 (+33.2)	 553.14 (+81.0)	 440.35 (+23.8)	 636.65 (+106.1)
Kashmir	 274.1	 264.41 (–3.5)	   42.90 (–84.3)	 254.33 (7.7)	   40.53 (–82.6)
Jammu	 210.5	   79.20 (–67.1)	   51.62 (–75.5)	   51.71  (–64.9)	   43.90 (–79.1)
Distribution across only high potential areas, i.e. habitat suitability >75% are shown. The values in parenthesis represent the 
habitat change on % basis, with (+) sign indicating an increase and (–) sign depicting the decrease. 
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temperature of the wettest quarter is ca. –20 °C, and tem-
perature seasonality is ca. 1,100%, while the probabilities 
decrease steadily after that (Fig. 3). Similar observations 
have been recorded elsewhere for other high alpine species 
(Rana et al., 2017), indicating that D. hatagirea ideally 
prefers harsh winters with good precipitation. This goes 
well with its habit because as D. hatagirea is perennial 
with underground rhizomes, it prefers cold temperatures. 
The results further showed that despite an increase above 
12.5 °C for mean annual temperature, the probability oc-
currence changes little. Since temperatures are projected 
to increase greatly in this area, this fi nding holds sub-
stantial conservation implications for D. hatagirea across 
North-western Himalayas.  
 Plant responses to climate change are highly variable 
(Gebrewahid et al., 2020), with broad range species predict-
ed to adapt better than narrow range species (Abolmaali et 
al., 2018). For D. hatagirea across North-western Himalayas, 
the present study indicated that its HSHs would decrease (%) 
by 4.2 & 5.4, and by 18.1 & 8.7, under RCP 4.5 and 8.5 for 
future climate scenario of 2050 and 2070 respectively (Table 
4). This appears quite lower than what has been reported for 
it across various other Himalayan regions. For example, for 
Nepal Himalaya, using four climate change models and two 

greenhouse gas concentration trajectories of 4.5 and 8.5, 
Shrestha et al. (2021) reported losses 71–81% by 2050 
and 95–98% by 2070 for suitable habitats of D. hatagirea. 
However, despite a mild decrease reported in the present 
study, as D. hatagirea is highly habitat specifi c (Agarwal
et al., 2008), grows slowly (Vij, 2002), requires mycorrhi-
zal association (Warghat et al., 2013), needs fi nest envi-
ronment to overcome physiological barriers (Baskin and 
Baskin, 1998), and constitutes a preferred food of Hima-
layan monal (Lophophorus impejanus) and Pika (Ochotona 
roylei) (Dhyani and Kala, 2005), the shrinkage will likely 
trigger multiple conservation challenges. Furthermore, its 
comparably lower density in this region (1.16 individual 
m–2 – Dad and Khan, 2011) than across other Himalayan 
regions like Uttrakhand and Himachal (1.89–2.19 individ-
ual m–2, Bhatt et al., 2005; 2.66–3.2 individual m–2, Nau-
tiyal et al., 2004), may put it at greater risk. The near ab-
sence of cultivation practices, production technology and 
propagation protocol development and ever-increasing an-
thropogenic pressures may further worsen the situation and 
increase its potential risk of local extinction.
 The predicted change in HSHs exhibited highest 
shrinkage across tropical and temperate areas and an in-
crease across cold arid regions (Fig. 6). Studies conducted 

Fig. 6. Maps of potentially stable, expansion, and shrinkage areas for D. hatagirea under future climate scenario for the RCP 
4.5 and RCP 8.5 for the year 2050 and 2070 across North-Western Himalayas.
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elsewhere by Parolo and Rossi (2008) and Matteodo 
et al. (2013) also observed that changing climate pushes 
plants towards higher elevations and latitudes, while for 
D. hatagirea Singh et al. (2022) also recorded northward 
expansion in HSHs under both RCP 4.5 and RCP 8.5, with 
an expansion of around 11–22% for the year 2050. In the 
present study, this expansion shows that the changing cli-
mate may impact species differently. This differing impact 
could be the function of varying climate regimes across 
different regions and highlights the importance of spatial 
scale in distribution modelling and conservation planning. 
Nonetheless, the expansion across cold arid areas should 
be described cautiously due to the absence of biotic in-
teractions and species characteristics like dispersal, that 
hugely influence species distributions (Wisz et al., 2013) 
in our distribution modelling.
	 The results of our habitat change assessment showed 
that RCP 8.5 may be more severe for D. hatagirea across 
Kashmir and Jammu while across cold arid Ladakh the spe-
cies may gain new HSHs (Table 5). Thus RCP 8.5 represents 
both the lower and higher distribution end for D. hatagirea. 
As RCP 8.5 implies an increase of 2.0 and 3.7 °C above the 
pre-industrial level in the year 2050 and 2070, respectively 
(IPCC, 2014), the results connote that while across temper-
ate and tropical areas, D. hatagirea would fail to withstand 
increasing temperatures, it will fairly flourish across the 
cold arid region (Fig. 6). For Taxus wallichiana, Rathore 
et al. (2019) also reported RCP 8.5 as favourable in expand-
ing its habitat range across Himalaya. However, given the 
switch of HSHs, particularly at high altitude ecosystems 
across Kashmir Himalaya, which are currently highly suit-
able and will experience decreasing suitability (Fig. 5), 
these areas should be protected and utilised as in situ con-
servation areas. Most plants with medicinal importance in 
this region have small populations with high habitat prefer-
ences, making them prone to unregulated exploitation and 
endangerment (Dad, 2019). Similarly, the areas across the 
Pir Panjal mountain range, wherein the species may expe-
rience minor changes, and across the Zanskar range, where 
it may find suitable habitats in both near and distant future 
scenarios (Fig. 5), could be utilised for ex-situ conservation 
measures like reintroduction and cultivation etc. Given that 
plant conservation through reserves may not keep pace with 
extinction rates triggered by habitat loss and global climate 
change (Swarts and Dixon, 2009), this integrated approach 
is hugely important. In this direction, the present study offers 
a valuable database and direction in determining HPHs for 
undertaking conservation decisions which will be helpful 
for D. hatagirea as well as other threatened plant species. It 
is equally important to monitor and check the contemporary 
conservation challenges like grazing, overexploitation and 
illegal trade, unsustainable harvesting practices like prema-
ture plant collection, and promote its cultivation across the 
region with due emphasis on its propagation protocol.  

Conclusions

The geographical distribution of Dactylorhiza hatagirea 

over north-western Himalayas was modelled using four 
general circulation models. The results showed that annual 
precipitation and mean temperature of the wettest quar-
ter are hugely important for its current distribution. The 
multi-model ensemble mean revealed that representative 
concentration pathway (RCP) 8.5 would severely impact 
D. hatagirea. The habitat change assessment exhibited se-
vere shrinkage across temperate and sub-tropical regions, 
while a northward expansion towards cold arid areas was 
noticeable. This differing response across contrasting en-
vironments under climate change has vital implications for 
conservation planning across the Himalaya. 
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